Background. Klebsiella pneumoniae causes serious infections and healthcare burdens in humans. We have previously reported that the deficiency of autophagy-related gene (Atg) 7 in macrophages (murine alveolar macrophage cell line [MH-S]) induced irregular host immunity against K. pneumoniae and worsened pathologic effects in the lung. In the current study, we investigated the molecular mechanism by which Atg7 influenced K. pneumoniaeinduced inflammatory responses.
Bacterial infection is a major cause of morbidity and mortality, imposing a financial burden over $40 billion in the United States [1] . The gram-negative bacterium Klebsiella pneumoniae is the third most common microorganism isolated from intensive care units in the United States [2] . Despite great interest and rapid progress in understanding its pathogenesis in the last decade, the molecular mechanism by which K. pneumoniae is eliminated from the lung by alveolar macrophages remains largely unknown.
Autophagy is critical for cell survival, development, and homeostasis; thus, autophagy defect may lead to various disorders, including cancer and inflammatory diseases [3, 4] . Among the 3 known types of autophagy, macroautophagy (hereafter autophagy) is the most studied and is responsible for the largest degradation events in autophagy [5] . Critical autophagy factors, encoded by >30 autophagy-related genes (Atgs), regulate autophagosome initiation, elongation, and maturation at different stages. Of the known 32 Atg proteins [6] , Atg7 is responsible for elongation of autophagosomes. It has been involved in multiple physiologic and pathologic conditions [7, 8] , such as viral and bacterial infection [9] [10] [11] . Recently, we have identified a role of Atg7 in down-regulating nuclear factor (NF) κB expression and proinflammatory cytokines during K. pneumoniae infection [12] . However, the underlying mechanism by which Atg7 modulates inflammatory responses has not been fully explored.
NF-κB is a family of heterodimeric transcription factors involved in a variety of physiologic and pathologic processes, especially inflammatory and immune response. In the resting state, NF-κB binds to inhibitory proteins of the κB family (IκB) and is sequestered in the cytoplasm. On stimulation, IκB is phosphorylated, and phosphorylated IκB is subsequently ubiquitylated and degraded by 26S proteasome, thus allowing NF-κB to translocate into the nucleus. This will initiate the expression of a number of downstream proinflammatory cytokine genes, such as tumor necrosis factor (TNF) α and interleukin 6 [13, 14] .
As a major degradation system, the ubiquitin (Ub)-proteasome system (UPS) has also been implicated in inflammatory responses (eg, regulation of NF-κB pathways) [15] . In addition to UPS, another intracellular degradation system, the autophagy-lysosome system, plays a role in modulating inflammatory processes. Clinical data also suggest the existence of interactions between UPS and autophagy during pathogenesis of many diseases [16] . However, it remains unknown how autophagy and Ub proteasomes regulate K. pneumoniae-mediated inflammatory responses.
Having found that Atg7 altered NF-κB signaling pathway during K. pneumoniae infection in vivo [17] , we demonstrated that atg7 deficiency in cells led to a switch in phosphorylated IκBα (p-IκBα) binding from Atg7 to Ub, thus increased ubiquitylation of p-IκBα. In mice, loss of Atg7 increased binding of p-IκBα to Ub and increased expression of TNF-α, whereas infection of atg7 knockout (KO) mice by lentivirus-short hairpin RNA (shRNA) Ub decreased binding of p-IκBα to Ub and inhibited inflammatory responses. In the current study, we further investigated the mechanisms by which Atg7 negatively regulates ubiquitylation of p-IκBα to limit NF-κB-initiated inflammatory responses against K. pneumoniae.
METHODS AND MATERIALS

Animal Handling
The atg7-KO mice (in a C57BL/6J background) were kindly provided by Dr Youwen He (Duke University) [18] , the Atg7 flox/flox mice were generated as reported elsewhere [7, 19] , and the tlr4-KO mice were kindly provided by Dr Jyotika Sharma (University of North Dakota). Mice were maintained in the animal facility at the University of North Dakota, and the animal experiments were performed under National Institutes of Health guidelines and approved by the institutional animal care and use committee. Mice were given ketamine (45 mg/kg) and intranasally infected with 5 × 10 5 colony-forming units (CFUs) of K. pneumoniae per mouse (6 mice per group). After bronchoalveolar lavage, lungs were obtained for cell biology assays or fixed in 10% formalin for histologic analysis.
Cell Culture
The murine alveolar epithelial cell line (MLE-12) and murine alveolar macrophage cell line (MH-S) were obtained from the American Type Culture Collection and maintained as reported elsewhere [12] . HEK-Blue Toll-like receptor (TLR) 4 cells were kindly provided by Dr Matthew L. Nilles (University of North Dakota) and were originally bought from InvivoGen. These cells were maintained in Dulbecco's modified Eagle medium with 10% fetal bovine serum, 50 U/mL penicillin, 50 mg/mL streptomycin, 100 mg/mL normocim, and 2 mmol/L L-glutamine. The U937 and THP1 cells were kindly provided by Drs Archana Dhasarathy and Matthew L. Nilles, respectively (University of North Dakota). These cells were maintained in Roswell Park Memorial Institute 1640 medium with 10% fetal bovine serum and penicillin-streptomycin. Immunostaining, Western blotting, and coimmunoprecipitation are described in detail in the online Supplementary Material.
Bacterial Strains and Infection
The K. pneumoniae strain (American Type Culture Collection 43816 serotype II strain) was provided by Dr V. Miller (University of North Carolina at Chapel Hill) [20] . Bacteria were grown overnight in Luria-Bertani broth at 37°C with shaking at 180 rpm. Optical density was measured at 600 nm (0.1 optical density, 1 × 10 8 bacterial cells/mL). Mammalian cells were infected by K. pneumoniae with a 10:1 (bacteria-cell) ratio [12] .
Cell Transfection
Cells were transfected with Atg7 small interfering RNA (siRNA; Invitrogen), IκBα, TLR4, or Ub siRNA (Santa Cruz), using LipofectAmine 2000 reagent (Invitrogen) in serum-free Roswell Park Memorial Institute 1640 medium according to the manufacturer's instructions [21] . The transfection efficiency of these siRNAs is shown in Supplementary Figure 1A -D. The Ubhemagglutinin plasmid was kindly provided by Dr Ron Hay (University of Dundee). Tandem green fluorescent protein (GFP)-red fluorescent protein (RFP)-microtubule-associated protein 1 light chain 3 beta (LC3) plasmids were transfected to MH-S cells for 24 hours, as described elsewhere [22] . The tandem RFP-GFP-LC3 plasmid was generated and kindly provided by Dr Tamotsu Yoshimori of Osaka University, Japan [23] . After K. pneumoniae infection, the cells were observed with confocal fluorescence microscopy.
In Vivo Transduction
Mice were anesthetized. The lentiviral particles of Ub shRNA (Santa Cruz, sc-36770-V; 10 μL per mouse) was delivered intranasally [24] . Thirty minutes before infection, all viral supernatants were mixed with LipofectAmine 2000 (5% final vol/vol; Invitrogen) to increase in transduction efficiency [25] . The infection efficiency is shown in Supplementary Figure 1E .
Electrophoretic Mobility Shift Assay
Nuclear extracts from the cells with different treatment were isolated with a nuclear extraction kit according to the manufacturer's instructions (Thermofisher). Oligonucleotide labeling and binding reactions were performed by using the reagent supplied in the NF-κB electrophoretic mobility shift assay (Gel Shift Assay System; Thermofisher). The membrane was visualized with a digital imaging system (Bio-Rad). The specificity of the bands has been confirmed by adding an excess amount of cold oligonucleotide to the reaction mixture.
Phagocytosis Assay
MH-S cells were plated in 24-well plates and grown overnight. The cells were treated with the antibiotic-free medium immediately followed by K. pneumoniae infection. After 1 hour of incubation at 37°C, the wells were washed and treated with 100 µg/mL polymyxin B for 1 hour to kill extracellular bacteria [26, 27] . After washing with phosphate-buffered saline 3 times, the cells were lysed in 1% Triton X-100. The CFUs were then counted to quantify phagocytosis [12] .
Histopathologic Analysis
Lung tissues were fixed in 10% formalin using a routine histologic procedure. The fixed tissue samples were processed for standard hematoxylin-eosin staining and examined for morphologic differences after infection [28] .
Statistical Analysis
All experiments were performed in triplicate and repeated ≥3 times. Data were presented as mean percentage changes compared with control (and standard deviations) from 3 independent experiments. Group means were compared using 1-way analysis of variance and posttest (Bonferroni selected multiple comparison or Tukey post-hoc test; Prism software 5.0), and differences were considered significant at P < .05 [29] .
RESULTS
Disassociation of Atg7 From p-IκBα After K. pneumoniae Infection in MH-S Cells
To define the regulatory role of Atg7 in the inflammatory responses during infection, we infected alveolar macrophage MH-S cells and murine lung epithelial MLE-12 cells with K. pneumoniae for different times (0, 1, 2, and 5 hours) and found that Atg7 expression and p-IκBα activity were increased in a time-dependent manner ( Figure 1A ). Meanwhile, the expression of IκBα was not significantly increased but was somewhat increases in MLE-12 cells at later times (2 and 5 hours), indicating that IκBα protein levels are not dramatically altered by infection. Next, we probed the molecular interaction between these 2 proteins using confocal laser scanning fluorescence microscopy and found that Atg7 was colocalized with p-IκBα at resting, but this codistribution became less after 2 hours of K. pneumoniae infection (see arrows, Figure 1B) . We then identified the interaction between Atg7 and p-IκBα by immunoprecipitation assay ( Figure 1C ). Similar to fluorescence microscopic results, the binding between these 2 proteins was decreased after K. pneumoniae infection, also proportionally to duration of infection (typically 5 hours) ( Figure 1C ). These data together indicated that K. pneumoniae infection caused time-dependent disassociation of Atg7 from p-IκBα.
Alteration of NF-κB Pathway by Silencing of Atg7 or IκBα in MH-S Cells
To define the role of Atg7 in NF-κB signaling, we found that down-regulating Atg7 by siRNA silencing led to an increase in p-IκBα levels after K. pneumoniae infection ( Figure 1D , left). To elucidate the impact of IκBα activity on NF-κB signaling, we transfected IκBα siRNA into MH-S cells. After successful knock-down of IκBα with siRNA (Supplementary Figure 1B) , the phosphorylation of NF-κB subunit p65 (ser536) was found to be increased with K. pneumoniae infection, suggesting that IκBα sits upstream of the NF-κB pathway. Furthermore, knock-down of IκBα increased protein levels and secretion of TNF-α, as assessed by immunoblotting ( Figure 1D , right) and enzyme-linked immunosorbent assay (ELISA), respectively (Supplementary Figure 2A) . These data indicated that IκBα was critical for the regulation of host inflammatory responses to K. pneumoniae infection via NF-κB signaling. In addition, protein levels and secretion of TNF-α were higher in Atg7 siRNA-transfected MH-S cells than in scrambled Figure 2 . Nuclear factor (NF) κB translocated into nuclei in autophagy-related gene (Atg) 7-silenced cells. A, NF-κB levels were increased in the Atg7-silencing cells. Cells from the murine alveolar macrophage cell line (MH-S) were transfected with Atg7 small interfering RNA (siRNA) or control (scrambled) siRNA. After 24 hours, the cells were infected with Klebsiella pneumoniae for 1 hour and 5 hours. Nuclear fractions were isolated from cells by a nuclear extraction kit (Thermofisher). B, Electrophoretic mobility shift assay was performed in MH-S cell nuclear extracts using the biotin-labeled probe (Thermofisher), which contains only a single copy of the 21-base pair element. C, Increased luciferase reporter activity of NF-κB in Atg7 siRNA-transfected MH-S cells. MH-S cells were transfected with Atg7 siRNA or control siRNA. After 24 hours, cells were transfected with luciferase reporter NF-κB plasmid. After 24 hours of transfection, cells were infected with K. pneumoniae at a multiplicity of infection (MOI) of 10:1 for 1 hour. Cell-permeable NF-κB inhibitor (SN50) (1.8 µmol/L) was used to pretreat cells for 0.5 hour before infection. *P < .001 (1-way analysis of variance and Bonferroni selected multiple comparison test). D, Tumor necrosis factor (TNF) α expression was decreased after inhibiting NF-κB with SN50 (1.8 µmol/L). MH-S cells were infected with K. pneumoniae at an MOI of 10:1 for 1 hour. Data were representative of 3 experiments. Abbreviations: +, with; −, without; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
siRNA-transfected controls, as detected by immunoblotting ( Figure 1D , left) and ELISA, respectively ( Supplementary Figure 2A) . Thus, Atg7 silencing may be attributable to dysregulated proinflammatory responses through the Atg7/IκBα/NF-κB axis.
NF-κB is a master transcriptional factor for initiating inflammatory responses. We isolated the nuclear fraction of MH-S cells at 1 or 5 hours after K. pneumoniae infection and found that NF-κB expression was significantly increased in Atg7 siRNA-silenced cells compared with controls after K. pneumoniae infection (Figure 2A) . We then carried out an electrophoretic mobility shift assay to study the potential NF-κB activation and found that ostensible shifts of NF-κB occurred in Atg7 siRNA cells after K. pneumoniae challenging ( Figure 2B ). We also noted that the NF-κB luciferase reporter activity was significantly increased in Atg7 siRNA-transfected MH-S cells compared with control siRNA-transfected cells ( Figure 2C ). We also used an NF-κB inhibitor (SN50, 1.8 μmol/L) to validate the activation and function of NF-κB and found that SN50 inhibited levels and secretion of and TNF-α after K. pneumoniae infection with immunoblotting ( Figure 2D ) and ELISA, respectively (Supplementary Figure 2B) .
Ubiquitylation of p-IκBα With K. pneumoniae Infection
Within the eukaryotic cell, there are 2 main intracellular protein degradation pathways: the UPS and autophagy. In the current study, we determined whether UPS also contributed to the degradation of p-IκBα and observed that expression of Ub was not significantly influenced after K. pneumoniae infection at different time points in either immune active murine lung epithelial MLE-12 cells or MH-S cells ( Figure 3A) . However, the association between p-IκBα and Ub became significantly increased after K. pneumoniae infection, as detected using coimmunoprecipitation in MH-S cells ( Figure 3B ). In addition, colocalization of p-IκBα and Ub was revealed by fluorescence imaging ( Figure 3C, arrows) , suggesting a potential interaction between p-IκBα and Ub.
Ubiquitylation of p-IκBα Increased by Atg7 Silencing
Because our results showed that p-IκBα could interact with either Atg7 or Ub, we sought to elucidate whether there is a competition between Atg7 and Ub during their interaction with p-IκBα. To approach this question, we knocked down Silencing ubiquitin (Ub) with small interfering RNA (siRNA) inhibited inflammatory responses. A, Interaction between phosphorylated IκBα and Ub was significantly decreased after Klebsiella pneumoniae infection after knock-down of Ub. Cells were transfected with Ub siRNA. At 24 hours after transfection, cells from the murine alveolar macrophage cell line (MH-S) were infected with K. pneumoniae for 2 hours and then collected for the coimmunoprecipitation assay. B, Silencing Ub followed by K. pneumoniae infection decreased the expressions of tumor necrosis factor (TNF) α. MH-S cells were transfected with Ub siRNA. After 24 hours, the cells were infected with K. pneumoniae for 2 hours. Data were representative of 3 experiments. *P < .05 (1-way analysis of variance and Bonferroni selected multiple comparison test). Abbreviations: +, with; −, without; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; IP, immunoprecipitation.
Atg7 with specific siRNA and found an increased interaction between p-IκBα and Ub in the MH-S cells on K. pneumoniae infection ( Figure 4A ). To confirm the role of Ub in K. pneumoniae-infected cells, we transfected Ub plasmid (Ub-hemagglutinin) to overexpress Ub and found that overexpression of Ub led to increased expression ( Figure 4B ) and secretion (Supplementary Figure 2C) of TNF-α compared with vector-transfected controls; however, the change was not significant. Moreover, in human macrophage THP1 and U937 cells, we observed similar interaction of p-IκBα and Ub (Supplementary Figure 3) . We also attained similar results with another gram-negative bacterium, Pseudomonas aeruginosa PAO1 strain, or lipopolysaccharide derived from K. pneumoniaetreated MH-S cells (Supplementary Figure 4) , which showed that silencing Atg7 significantly increased the ubiquitylation of p-IκBα.
To examine whether Atg7 plays a specific role in p-IκBα ubiquitylation, we knocked down other Atgs, for example, Atg5 and Beclin 1. Importantly, knock-down of Atg5 and Beclin 1 by siRNA did not significantly affect the ubiquitylation of p-IκBα (Supplementary Figure 5A) , suggesting a specific role for Atg7 in regulating the ubiquitylation of p-IκBα. However, 3-methyladenine pretreatment increased ubiquitylation of p-IκBα after K. pneumoniae infection (Supplementary Figure 5B) .
Deubiquitylation of p-IκBα
To further analyze the role of ubiquitylation at the molecular level, we employed Ub siRNA to examine the level of Ub in K. pneumoniae infection in MH-S cells. We demonstrated that knock down of Ub decreased the ubiquitylation of p-IκBα ( Figure 5A ) as well as the expression of TNF-α ( Figure 5B ). In addition, we used a deubiquitinase (usp30) to assess the role of Ub in immunity to K. pneumoniae infection in vitro models. We found that usp30 expression was significantly decreased after K. pneumoniae infection in MH-S macrophage cells but not in MLE-12 epithelial cells (Supplementary Figure 6A) . We further transfected MH-S cells with usp30 siRNA and noticed that TNF-α expression (Supplementary Figure 6B) and secretion (Supplementary Figure 2A) was significantly decreased with K. pneumoniae infection. We also used a proteasome inhibitor (MG132) to evaluate the downstream effects of ubiquitylation. MG132 treatment alone could not alter the ubiquitylation status of p-IκBα (Supplementary Figure 7A) . However, after knockdown of Atg7, pretreament with MG132 increased the ubiquitylation of p-IκBα (Supplementary Figure 7B) .
Effect of Ub Silencing on Ubiquitylation of p-IκBα and Inflammatory Responses In Vitro and In Vivo
To clearly characterize the role of ubiquitylation of p-IκBα in the inflammatory responses, we simultaneously knocked down Figure 6 . Dual knock-down of ubiquitin (Ub) and autophagy-related gene (Atg) 7 decreased the ubiquitylation of phosphorylated IκBα (p-IκBα) and inflammatory responses in the murine alveolar macrophage cell line (MH-S). A, Interaction between p-IκBα and Ub is significantly decreased after Klebsiella pneumoniae infection after knock-down of both Ub and Atg7, compared with Atg7 small interfering RNA (siRNA)-silencing cells. Cells were transfected with Atg7 siRNA for 24 hours. At 24 hours after transfection, MH-S cells were transfected with Ub siRNA. After another 24 hours, the cells were infected by K. pneumoniae for 2 hours and then collected for the coimmunoprecipitation assay. B, Dual knock-down of Ub and Atg7 followed by K. pneumoniae infection decreased the expressions of tumor necrosis factor (TNF) α compared with the Atg7 siRNA group. After 24 hours, cells were infected with K. pneumoniae for 2 hours. Data were representative of 3 experiments. *P < .05 (1-way analysis of variance and Bonferroni selected multiple comparison test). Abbreviations: +, with; −, without; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; IP, immunoprecipitation.
both Ub and Atg7 with specific siRNAs in MH-S cells. We found that after K. pneumoniae infection, the increased ubiquitylation of p-IκBα in Atg7 siRNA-silencing cells was drastically blunted in the Ub and Atg7 dual knock-down group ( Figure 6A ). Similarly, expression of TNF-α was significantly decreased when both Ub and Atg7 were knocked down ( Figure 6B ). To detect whether Atg7 regulates p-IκBα in vivo, we infected wild-type mice or atg7-KO mice with lentivirus-shUb particles and evaluated lung injury histologically. At 24 hours after K. pneumoniae infection, we observed a decrease in inflammatory cell infiltration in lentivirus-shUb-infected atg7-KO mice compared with wild-type mice ( Figure 7A ). The secretion of TNF-α in the bronchoalveolar lavage fluid was significantly decreased in lentivirus-shUbinfected atg7-KO mice compared with vector control-infected atg7-KO mice ( Figure 7B ). We also isolated primary alveolar macrophages from different groups of mice and showed that ubiquitylation of p-IκBα and expression of TNF-α were significantly decreased in lentivirus-shUb-infected atg7-KO mice, whereas ubiquitylation of p-IκBα and expression of TNF-α were markedly increased in atg7-KO mice ( Figure 7C ). Similar results were also found in the lung tissue of such mice ( Figure 7D ).
Role of TLR4 in Controlling Autophagy After K. pneumoniae Infection
To identify the upstream signals of Atg7, we examined several innate immunity players and identified that TLR4 was involved in autophagy pathways during K. pneumoniae infection (data not shown). After knocking down TLR4 with specific siRNA, Figure 7 . Lentivirus-shUb-infected atg7-knockout (KO) mice exhibited decreased inflammatory responses after Klebsiella pneumoniae infection. A, Decreased lung injury and inflammation was detected histologically. Mice were infected with lentivirus-short hairpin RNA Ub. After 3 days, mice were infected 5 × 10 5 colony-forming units per mouse for 24 hours. Mice were dissected, their lungs were embedded in formalin, and sections were analyzed with hematoxylin-eosin staining. Data were representative of 6 mice per group. B, Tumor necrosis factor (TNF) α in the bronchoalveolar lavage fluid was significantly decreased in lentivirus-shUb-infected atg7-KO mice, as detected with enzyme-linked immunosorbent assay. *P < .001 (1-way analysis of variance and Bonferroni selected multiple comparison test). C, D, Ubiquitylation of phosphorylated IκBα and the expression of TNF-α were significantly decreased in the lentivirus-shUb particle-infected alveolar macrophage (AM) cells (C) and lung tissue (D) of atg7-KO mice compared with that of lentivirus control vectorinfected atg7-KO mice after K. pneumoniae infection. After infection, alveolar macrophages or lung tissue were isolated and lysed in immunoprecipitation (IP) lysis buffer. Half of the lysate was used for the coimmunoprecipitation assay, and the rest was used to determine the protein expressions of TNF-α and GAPDH. Data were representative of 3 experiments. Abbreviations: +, with; −, without; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; Ub, ubiquitin; WT, wild type.
we found that Atg7 expression and LC3 conversion from LC3-I to LC3-II (LC3-phosphatidylethanolamine conjugate) were significantly decreased (Supplementary Figure 8A, left) . These results were further confirmed by using TLR4 neutralizing antibodies (Supplementary Figure 8A, right) . To evaluate the effect of TLR4 on autophagy, we cotransfected a tandem RFP-GFP-LC3 plasmid and TLR4 siRNA into MH-S cells and revealed that TLR4 silencing significantly decreased the formation of LC3-II puncta (Supplementary Figure 8B) , indicating that blocking TLR4 could reduce autophagy after K. pneumoniae infection. The CFU counts demonstrated that down-regulated levels of TLR4 led to decreased bacterial phagocytosis and bactericidal activity (Supplementary Figure 8C) .
To further confirm the impact of TLR4 on Atg7, we used the HEK-Blue TLR4 cell line, which stably overexpressed TLR4 (InvivoGen), and we found that Atg7 activation by K. pneumoniae infection was partially blocked by TLR4 silencing or neutralizing antibody (Supplementary Figure 8D) . To convincingly validate these data and indicate physiologic relevance, we used tlr4-KO mice to evaluate the role of TLR4. We found that these mice also manifested decreased Atg7 expression 24 hours after K. pneumoniae infection (Supplementary Figure 8E ) , which indeed suggests a critical role of TLR4 in Atg7 signaling and its associated host defense against K. pneumoniae infection by providing enhanced bactericidal activity. To summarize the findings of this study, we illustrated the signaling pathway we demonstrated in atg7-KO mice and siRNA-silenced cells (Supplementary Figure 8F ) .
DISCUSSION
Atg7 has been demonstrated to affect host defense against various pathogens [30] [31] [32] . In this study, we explored the mechanism by which Atg7 regulates inflammatory responses during gramnegative bacterial infection. Importantly, we reveal a new mechanism whereby Atg7 regulates inflammation by inhibiting ubiquitylation degradation of p-IκBα in both cells and mice after K. pneumoniae infection. NF-κB activation may be triggered to augment inflammatory responses after disassociation of the normally suppressed p-IκBα from an Atg7-p-IκBα complex. This signaling pathway is critically initiated and controlled by TLR4, as determined using overexpressing stable cell lines and KO mice.
Ubiquitylation and autophagy are 2 major protein degradation systems in the eukaryotic cells involved in a variety of cellular processes. Both play essential roles in cellular protein homeostasis and control many cell functions, including cell growth, proliferation, apoptosis, and immune response [33] . They are usually considered independent of each other because of their differences in constitutes and degradation mechanisms. However, there is also evidence that immune response may be associated with both degradation systems to affect different disease processes in various models [34, 35] . Inhibition of proteasomal activities used to induce cell death has been shown elsewhere to activate autophagy, indicating a coordinated and complementary relationship between these 2 important protein degradation systems [16, 36] . On the other hand, in U87MG glioma cells, increasing autophagy may decrease the activity of the UPS [34] .
In our K. pneumoniae infection model, we found that Atg7 deficiency disrupted the balance between the UPS and autophagy systems, skewed the reaction toward the former. We observed that p-IκBα ubiquitylation was increased in Atg7 silencing cells, suggesting that p-IκBα degradation was augmented. The degradation of p-IκBα allowed the release of NF-κB to initiate transcriptional activity of proinflammatory cytokines (eg, TNF-α). However, we cannot exclude the involvement of other cytokines or signaling pathways.
The degradation of IκBα kinase is the key regulatory mechanism in NF-κB activation and may be modulated either by an autophagy pathway [14] or by a ubiquitylation pathway [37] . The ability of autophagy to inhibit inflammatory responses by influencing IκBα/NF-κB signaling has also been documented in other disease models. For instance, the liver in beclin1-mutant mice exhibits increased apoptosis and NF-κB activation owing to the accumulation of p62 [38] . Defects in Atg7 contribute to the pathogenesis of obesity by activating the I kappa B kinase β pathway [39] . Ub is required for the phosphorylation and degradation of IκBα both in vitro and in vivo [40] . Here, we reveal a role of Ub in Atg7-modulated inflammation during bacterial infection, which explains the critical regulation of inflammatory responses by Atg7. At this time, however, we cannot exclude another possibility, that is, regulation of IKK-IκBα complex. IκBα could be phosphorylated through activation of IKK and recognized by beta-transducin repeats-containing proteins after p-IκBα ubiquitylation [41] .
Other studies have shown that TLR4 signaling can induce autophagy in leukocytes and positively influence microbial clearance and NF-κB signaling [42, 43] , and these findings led us to propose a role of TLR4 in autophagy after K. pneumoniae infection. To identify upstream immune molecules of Atg7, we found that TLR4, the pattern recognition receptor of gram-negative bacterial lipopolysaccharide, is critically involved in Atg7 signaling. We also found that knocking down TLR4 led to an increased superoxide production after K. pneumoniae infection (data not shown), which might be a link between TLR4 and the autophagy pathway. Our findings indicate that TLR4 may be a potential sensor of autophagy in K. pneumoniae infection.
In conclusion, we identified an important mechanism for Atg7-associated innate immunity against gram-negative bacterium K. Pneumoniae, showing that atg7 deficiency intensified proinflammatory responses via a ubiquitylation mechanism. Collectively, these observations unravel ubiquitylation of p-IκBα as a critical molecular process by which Atg7 negatively regulates inflammatory response to K. pneumoniae, indicating potentially novel targets for therapeutic interventions.
